Abstract Revision total knee arthroplasty (TKA) is the treatment of choice in patients with periprosthetic joint infection. It may be performed in either a single stage or two stages. In the latter option, between stages, an antibiotic-loaded spacer may be used to maintain a certain amount of joint stability and mobility after the infected implant is removed, adding an intra-articular concentration of antibiotics. There are two types of antibiotic-loaded cement spacers: static and dynamic. Static spacers basically create a temporary arthrodesis with antibiotic-loaded cement and usually are handmade within the surgical field. Dynamic spacers can be created intraoperatively by using different tools or may be prepackaged by the manufacturer; they allow range of motion between stages. In this article, the authors review the indications, surgical techniques, and results for static and dynamic spacers in two-stage revision TKA.
Introduction
Periprosthetic joint infection (PJI), a complication much feared by the orthopedic surgeon, is now one of the most common indications for revision in total knee arthroplasty (TKA) [1, 2] .
The latest and best accepted definition of PJI is based on two major criteria: two positive periprosthetic cultures with phenotypically identical organisms and the presence of a sinus tract communicating with the joint. Furthermore, PJI is diagnosed if at least three of six minor criteria are present: elevated serum C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR), elevated synovial fluid white blood cell count (WBC), elevated synovial fluid polymorphonuclear neutrophil percentage (PMN%), positive histologic analysis of periprosthetic tissue, or a single positive culture [3•, 4, 5] .
Revision surgery in infected TKA may be very challenging for the orthopedic surgeon and result in inferior clinical outcomes compared with primary TKA [6] . Furthermore, compared with revision TKA from other causes, surgery performed for septic loosening results in higher costs [7] . Revision TKA for PJI may be performed as either a one-or two-stage procedure. One-stage revision TKA exposes the patient to only one operation consisting of removal of the old prosthesis, aggressive and complete tissue debridement, and immediate positioning of the new implant [8] . Several authors have reported decreased morbidity, reduced health
This article is part of the Topical Collection on Revision Knee Arthroplasty
Investigation was performed at the Hospital Mauriziano BUmberto I^, Torino, Italy.
care costs, and improved functional results as major advantages of one-stage revision TKA [9, 10] . Two-stage revision TKA, on the other hand, begins with surgery to expose the knee articulation, remove the infected components, completely debride the infected tissue, and implant an antibiotic-loaded cement spacer. Patients receive specific oral or intravenous antibiotic therapy, or both, targeted toward bacteria isolated during the first-stage surgery [11] . Although the ideal duration for antibiotic therapy is not defined, most of the recent literature recommends a 6-to 12-week course [12] [13] [14] [15] . Once the infection is eradicated, and CRP and ESR levels return to normal, the second surgery is performed to remove the spacer and implant the revision prosthesis. The latter approach may be performed in most cases of PJI [16, 17] and has a success rate ranging from 37.1 to 100 % [18] [19] [20] .
In this article, we focus on antibiotic-loaded cement spacers and review the literature regarding indications and results.
Antibiotic-loaded cement spacers
Antibiotic-loaded cement spacers are used routinely in two-stage revision TKA. The goal of two-stage revision TKA is to radically eliminate the infection and to create the healthiest tissue possible for the new implant [21] . Between the two stages, the surgeon's main goal is to prevent soft tissue contraction, which may be difficult to treat during the second-stage implantation [22] . Therefore, it is crucial for the surgeon to maintain a sufficient grade of joint stability while adding an intra-articular concentration of antibiotics and keeping the patient's knee joint free of any foreign infected prosthetic material [23, 24] .
Antibiotic-loaded cement spacers may be classified in two types:
1. Static spacers, which do not allow motion through the knee joint 2. Articulating or dynamic spacers, which allow range of motion (ROM) of the knee
Static cement spacers

Definition
Static spacers keep the knee joint in full extension or minimal flexion. Although they prevent movement of the knee, they preserve the joint space and deliver local antibiotic. The static spacer may be considered a temporary antibiotic-loaded knee arthrodesis.
Indications and contraindications
Some authors state that static spacers provide greater relief to infected and congested soft tissues, allowing for better eradication of the infection [25] . Others report that these devices cost significantly less than articulating spacers [26] . However, several disadvantages have been described that affect both the patient postoperatively and the surgeon intraoperatively during the second stage of the revision. The main drawback of static spacers is joint stiffness with poor ROM after the second stage of the revision; however, instability and wound healing problems also have been associated with static spacers [27] , although less frequently than with use of dynamic spacers. Technical concerns also exist, such as accurate insertion of the rods into the intramedullary canals, the failure of which is associated with exposure difficulty during revision surgery [28] . Furthermore, some authors assert that static spacers usually do not restore the normal anatomic joint contours, particularly in heavier patients, leading to significant bone loss with a higher risk for spacer displacement [29] .
Considering all the advantages and disadvantages of static spacers, these devices may be indicated in patients with ligamentous instability, insufficient extensor mechanism, and massive bone loss after infected prosthesis removal, or in cases of a compromised overlying soft tissue envelope [30] [31] [32] .
Surgical technique
The surgical approach to an infected knee is similar to most revision procedures and is the same for static and dynamic spacers [33] . After the patient is given anesthesia and intravenous prophylactic antibiotics, the knee is prepared for surgery. A longitudinal incision is made along the previous scar, and a medial parapatellar arthrotomy is performed. Tissue and fluid samples should be obtained from representative areas; tissue cultures are preferable because of their increased sensitivity (93 vs. 70 %) and specificity (98 vs. 89 %) compared with swab cultures [34] . Although there is no consensus regarding the number of samples to be taken, sensitivity and specificity are greater with three to six periprosthetic swabs, preferably obtained from the bone interface [35] . Culture specificity should not be reduced by taking more than five samples, especially in cases of less virulent organisms or in patients with recent antibiotic treatment, in whom up to 10 samples may be collected [36] . After samples are obtained, wide surgical debridement and complete synovectomy are performed and all previous components and any remaining cement and necrotic bone are removed [28, 37] .
The first step in implanting a static antibiotic-loaded cement spacer is to construct it, a procedure that may be done directly in the surgical field. The typical static spacer consists of two rods fitting in both the femoral and tibial canals and overlapping across the joint space, as well as a parallelepiped cement block to fill the joint space left empty after the implant is removed. For the intramedullary rods, two large Steinman 3-mm pins are completely covered by cement; then, the correct-sized static element is assembled with a cement spacer block and positioned between the femoral and tibial surfaces. More antibiotic-loaded cement is applied to the femoral surface of the suprapatellar pouch to minimize the quadriceps tendon from scarring down to the distal femur. To obtain the volume of cement needed, two to three 40-g bags of cement typically are required (a total of 80 to 120 g); however, there is no consensus regarding the best method of preparing highdose antibiotic cement spacers. The cement spacer should have enough antibiotic agent to deliver relatively high doses to local tissues. At the same time, the antibiotic dose should be low enough to prevent weakening of the cement's mechanical properties [38] . Most infections can be treated with a spacer containing vancomycin (1 to 4 g per 40-g package of cement) and gentamicin or tobramycin (2.4 to 4.8 g per 40-g package of cement) [23] . It is crucial to achieve the right tension on the soft tissues, ensuring the implant is neither too loose nor too tight, thus avoiding the increased risk of bone loss during the second step ( Fig. 1) . A drain is positioned intra-articularly and left in situ for 24 h after surgery.
Articulating cement spacers
Definition
The main characteristic of dynamic antibiotic-loaded cement spacers is that they allow flexion and extension of the knee between the two surgical stages. As with static spacers, maintenance of the joint space and local delivery of antibiotic are the main functions.
Indications and contraindications
The main advantage of an articulating spacer is that it efficiently eradicates infection while allowing range of knee motion during the interval between surgical stages [39] .
Revision surgery in patients with an articulating spacer may be easier than in those with a static one [39, 40] . Allowing motion during the surgical stages is useful in maintaining adequate length and elasticity of the extensor mechanism, preventing scar tissue formation around the knee joint, quadriceps shortening, and capsular thickening and contracture [41] , all of which may explain the easier reimplantation during revision surgery [42] . Moreover, the patient's ability to bend the knee increases his or her quality of life between stages, especially if a long period of antibiotic therapy is necessary to eradicate the infection.
No clear contraindications exist regarding the use of an articulating spacer, except in cases in which there is concern over wound healing. Disadvantages of commercially available off-the-shelf dynamic spacers include a limited choice of implant sizes and antibiotic dosages. Handmade mobile spacers also have drawbacks, such as difficulty in maintaining stability and a well-shaped and congruent articular surface [37] .
Surgical techniques
Several techniques have been described for creating a dynamic spacer using different types of interfaces, including cementon-cement, prosthesis-on-polyethylene, and metal-onpolyethylene constructs [23] . The first steps are the same as those described for static spacer implantation: the surgical approach, extended debridement, synovectomy, and removal of components, with particular care taken to preserve as much healthy bone as possible.
Cement-on-cement interface: molded or preformed spacers
Cement-on-cement spacers fall into two major categories: molded and preformed [43] .
Different molds are available commercially in various sizes and dimensions. Custom-made molds can be assembled with standard posterior stabilized TKA provisional components (trials) the same size as the original prosthesis [44] . The cement is loaded with gentamicin (0.5 g per 40-g package) or vancomycin antibiotic powder (3 g per 40-g package); usually, two to three cement packages are enough to complete the spacer, depending on the requested size. After the correct mold is chosen, the antibiotic-loaded cement is poured into the mold in the late doughy phase until polymerization is achieved. Finally, the mold is removed carefully and the spacers are ready to be implanted [29] .
Preformed gentamicin-and/or vancomycin-loaded cement knee spacers (Spacer-K® or Vancogenx-Space Knee®, Tecres, Sommacampagna, Italy) are another valid option. These spacers are available in four different femoral and tibial sizes (small, medium, large, and extra large, respectively, of 60-, 70-, 80-, and 90-mm tibial plateau dimensions) that may be selected intraoperatively. The cement is preloaded with antibiotics by the manufacturer [45] .
Regardless of whether the molded or the preformed construct is used, the tibial component is inserted first and cemented to the proximal tibia with additional antibioticloaded cement in efforts to preserve the joint line. The femoral unit then is positioned and cemented to the distal femur with more antibiotic-loaded cement. The spacer must adhere strongly to the bone surface while the cement is still in a doughy state, remaining in position until the cement is completely polymerized [46] . At the same time, excessive penetration of the cement into the surrounding bone must be avoided, because it may further damage residual bone stock when the spacer is removed during the second stage.
ROM, patellar tracking, and knee stability are checked carefully [47] . Following the same technique described for static spacers, a drain is inserted in articulation to reduce postoperative hematoma formation.
A slight variation in this technique consists of screwing two 3-mm K-wires in the middle of both femoral and tibial components and covering them with antibiotic-loaded cement. The cement-loaded K-wires act as prosthetic stems and are inserted into the femoral and tibial intramedullary canals. Only the prosthetic components and the proximal part of the stems are then cemented to the articular surfaces, whereas the rest of the stems are left uncemented (Fig. 2) . There are two rationales for this slightly different technique. First, it has been demonstrated that up to about one third of infectious processes of the knee are expanded along the intramedullary femoral and tibial canals; therefore, placing a cemented intramedullary stem may help control the infection at this level [48•] . Second, in some cases, the lack of a stem may lead to dislocation of the components, eventually leading to wound and vascular problems [49] .
In some cases, the premolded spacers may be adapted. Figure 3 shows a premolded articulating spacer used in a case of uni-compartimental knee arthroplasty septic loosening.
Prosthesis-on-polyethylene interface: the Hofmann technique
The history of articulating cement spacers of the knee began in 1995 with Hofmann and colleagues, who described this selfnamed technique [50] .
After standard exposure, irrigation, debridement of all dead tissue, synovectomy, and removal of all components and cement, the infected femoral prosthesis is cleaned and sent for autoclaving [27] . A new tibial all-polyethylene insert is placed on the tibial plateau and in same surgical time; when the femoral component returns from sterilization, it is reimplanted and articulated with the polyethylene insert. Both components then are cemented in place loosely to avoid rigid fixation [50] .
Metal-on-polyethylene interface: PROSTALAC ®
The metal-on-polyethylene technique consists of a special dynamic knee spacer called PROSTALAC ® (acronym for prosthesis with antibiotic-loaded acrylic cement; DePuy Synthes, Warsaw, IN) made up of two parts: a femoral and a tibial component. Each component contains antibiotic-loaded cement, associated with a bicondylar metal shell on the femoral component and a complementary polyethylene section on the tibial one. These spacers are available in different sizes and thicknesses and result in low-friction articulation of metal on polyethylene [51] . This system, developed in 1987, is derived from a posterior-stabilized design that currently is in use [52] .
Results of static versus articulating spacers
The literature contains many studies comparing the results of static versus dynamic spacers in terms of ROM, clinical function scores, infection eradication rate, amount of bone loss, surgical ease, and complications.
In the past decades, two-stage knee revision surgeries in patients with PJI were performed using static spacers and a less than satisfactory knee ROM was observed [53] . In 2013, Voleti et al. [30] presented a systematic review comparing outcomes from the use of static and articulating spacers. They evaluated reinfection rates, ROM after second-stage surgery, functional scores, and wound-related and spacer-related problems. The authors analyzed combined level III and level IV comparative studies including a total of 1526 patients, 654 of whom were treated with static spacers and 872 of whom were treated with articulating ones. None of the studies demonstrated a statistically significant difference in terms of reinfection rates between the two treatment groups (mean of 12 % for static and 8 % for articulating spacers, with P=0.1 and confidence intervals set to 95 %). However, the authors noted a statistically significant variation in knee ROM after secondstage surgery, with better ROM in the articulating spacer group (91°vs. 101°). Despite this difference in terms of motion, though, no significant differences were detected in functional outcomes assessment (Hospital for Special Surgery Score [HSS] and Knee Society Scoring [KSS]) or woundrelated complications (8 % in static spacers and 2 % in dynamic ones) among the different spacers. However, because of the low rate of complications in the analyzed studies, the review was underpowered for evaluating a significant difference in complication rates after static or mobile spacer implantation.
Pivec et al. [54] studied a population of 707 patients with static spacers and 962 with articulating spacers and detected a statistically significant difference in the average ROM finally achieved by the patients. However, they found no statistically significant differences in KSS between the groups. Regarding infection eradication rate and mean percentage of reinfection (PRI) between the two groups, the authors noted no statistically significant differences (mean PRI, 9.7 % for static and 7.9 % for articulating spacers; P=0.35). In this casuistry, the most relevant complications resulted in delayed wound healing, aseptic loosening, deep venous thrombosis, and patellar injuries, with no statistically significant differences between static and articulated spacers (10.7 % for the statics, 6.9 % for the complex articulating spacers, and 5.8 % for the articulating spacers). Furthermore, no differences in terms of additional complications were detected between the groups (2 vs. 3 % reoperation rate).
In their systematic review, Guild et al. [55] found comparable results regarding ROM but slightly different outcomes in reinfection rates. The authors analyzed 47 studies, including 2011 two-stage revision TKAs, 924 using static and 1087 using dynamic spacers. A subanalysis was added to the study that separated complex cases (positive culture for a virulent organism such as methicillin-resistant Staphylococcus aureus, Gram negative or polymicrobial; Anderson Orthopaedic With regard to HSS and KSS function scores, however, there was no significant difference between the static and mobile spacer groups, either preoperatively or postoperatively. Similar to the previously mentioned review, a statistically significant difference in ROM was reported in favor of dynamic spacers (100.1°±1.6°vs. 89.7°±2°). The Guild group also evaluated infection eradication rates and reported a statistically significant difference in favor of articulating spacers. Furthermore, the authors noted a minor adoption of associated technique, such as quadriceps snips or tibial tubercle osteotomies, during the second-stage surgery after use of an articulated spacer. Regarding further bone loss during the period of cement spacer use, the authors noted a highly remarkable lack of extra bone loss with dynamic spacer use (3.3 % of additional bone deficit detected vs. 47.4 %). Romanò et al. [18] in 2012 presented a review that showed a better infection eradication rate for articulating spacers compared with static ones (91.2 vs. 87 % at 43.5±20.1 months of follow-up). Table 1 summarizes the most recent and relevant literature on static and dynamic spacers.
At the end of July 2013 in Philadelphia, Dr. Javad Parvizi of the Rothman Institute in Philadelphia and Dr. Thorsten Gehrke of the ENDO Clinic in Germany led a special conference on PJI. After deep analysis and evaluation of all the available literature on the topic, the participants drafted and finalized a consensus document. Among the various topics covered, the one concerning antibiotic-loaded cement spacers showed some interesting results [56•] . Strong consensus emerged regarding the existence of a functional difference in the use of nonarticulating versus articulating spacers in twostage exchange arthroplasty, with a superior outcome observed in patients receiving articulating spacers. Functional differences also were evaluated 2 years after reimplantation, resulting in a nonsignificant tendency toward an ROM increase after use of articulating spacers compared with static ones. The technical ease of reimplantation surgery also was debated, and despite the lack of studies making direct comparisons, based on anecdotal reports, it appears that use of a dynamic spacer might facilitate second-stage surgery. With the agreement of 89 % of the participants (strong consensus), it appears the type of spacer implanted does not influence the infection eradication rate in TKA revision for infection. Also, among the various types of mobile spacers in use (PROSTALAC, Hofmann technique, cemented molds, and Spacer-K), control of infection does not appear to differ significantly, even between manufactured spacers and surgeonmade dynamic spacers.
Conclusions
Antibiotic-loaded cement spacers are fundamental in twostage revision TKA. They help maintain a grade of joint stability, add an intra-articular concentration of antibiotics, and keep the patient's knee joint free of any foreign infected prosthetic material during infection eradication. Both static and dynamic spacers are effective in eradicating the infection. According to the literature, no clear differences exist between the two types of spacers; however, articulating spacers appear to have superior functional outcomes and result in easier reimplantation, allowing a degree of ROM between the stages. There is some agreement in the literature regarding the conclusion that the type of spacer implanted does not influence the infection eradication rate in TKA revision for infection.
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